Virgin females from the apoptotic models were crossed to males carrying RNAi 1 7 2 constructs targeting candidate modifiers of those models, and the eye size of F1 1 7 3 progeny expressing both the apoptotic model and the RNAi construct was measured as from RNAi-carrying strains were compared directly to genetically matched attP40 or 1 7 6 attP2 controls using a Dunnett's multiple comparisons test. Genetic polymorphisms were associated with candidate genes within 1 kb of the Genetic interaction maps were generated using the GeneMANIA plugin on Cytoscape 1 8 3 (version 3.6.1) (Shannon et al. 2003; Montojo et al. 2010) . GSEA was run to generate a 1 8 4 9 rank-list of genes based on their enrichment for significantly associated polymorphisms. For GSEA analysis, polymorphisms within 1kb of more than 1 gene were assigned to 1 8 6 one gene based on a priority list of exon, UTR, intron, and upstream or downstream. Genes were assigned to GO categories, and calculation of enrichment score was 1 8 8 1 1 greater involvement of rpr in a variety of stress-induced, p53-independent apoptotic 2 3 1 pathways (Shlevkov and Morata 2012). Alternatively, it is possible that variation in p53-2 3 2 associated pathways is simply less well-tolerated than in rpr-associated pathways. It is 2 3 3 also possible that the DGRP simply carries more variation affecting the GMR-rpr model 2 3 4 than GMR>p53 model. We observed qualitative differences between the apoptotic models, with flies expressing the GMR-rpr model displaying a rounder eye ( Figure 2D ). These qualitative shapes 2 3 9
were not subject to effects of genetic variation. The differences in eye shape noted 2 4 0 between GMR>p53 and GMR-rpr, however, could be indicative of differences in the 2 4 1 mechanisms by which apoptosis and degeneration progress in these two models. Alternatively, this could be evidence of the technical differences in the two models, 2 4 3 since p53 is driven by the GAL4/UAS system and rpr is driven directly by the GMR 2 4 4 promotor. We saw no accumulation of necrotic tissue in strains experiencing severe 2 4 5 degeneration, nor did we note obvious differences in pigmentation ( Figure 2C ,D). Eyes 2 4 6 from all strains maintained the rough-eye phenotype that is characteristic of p53 or rpr-2 4 7 induced degeneration, indicating that while modifying variation may reduce the amount 2 4 8 of cell death in the eye imaginal disc, it cannot fully rescue the degenerative phenotype. Because canonical p53 signaling activates the expression of rpr, we expected high 2 5 2 correlation in apoptosis levels and eye size between these models (Shlevkov and in eye size between DGRP strains expressing GMR>p53 and GMR-rpr (r = 0.19, p = 2 5 5 0.0071) ( Figure 3A ). In a previous study, we examined the impact of genetic variation 2 5 6 on a model of retinitis pigmentosa (RP) and ER stress-induced apoptosis (Chow et al. 2016). In this study, we found that the degeneration induced by overexpression of a 2 5 8 misfolded protein (Rh1 G69D ) in the developing eye imaginal disc is modified by a number 2 5 9 of genes involved in apoptosis (Chow et al. 2016) . This is to be expected, as the 2 6 0 primary cause of degeneration in this model is JNK-hid/grim/rpr-mediated cell death 2 6 1 ( Figure 1 ) (Kang et al. 2012) . Consistent with this mechanism of Rh1 G69D -induced 2 6 2 degeneration, we found a significant correlation in eye size between the Rh1 G69D and rpr 2 6 3 models (r = 0.25, p = 0.001, Figure 3B ). In contrast, we see no correlation between the 2 6 4 Rh1 G69D and p53 models of apoptosis (r = 0.12, p = 0.13) ( Figure 3C ). These results 2 6 5 suggest that there is shared genetic architecture between Rh1 G69D and rpr-mediated 2 6 6 apoptosis and degeneration that is independent from that shared between p53 and rpr. Genome-wide association analysis: To identify the genes driving this phenotypic 2 7 1 variability, we performed a genome-wide association analysis to identify genetic 2 7 2 polymorphisms that impact the severity of degeneration in the GMR>p53 and GMR-rpr 2 7 3 models of apoptosis. We used mean eye size as a quantitative phenotype to test for 2 7 4 association with polymorphisms in the DGRP. Using a p-value cutoff of <1x10 -04 , we identified 128 significantly associated polymorphisms for the GMR-rpr model (Table S3 ). We only considered polymorphisms that fall within +/-1 kb of a gene. Sixteen 2 7 7 polymorphisms lie outside of these parameters and were not considered further. Of the 2 7 8 remaining 112 polymorphisms, ten are located in an intergenic region (+/-1kb), 14 are 2 7 9 located in UTRs, 69 are located in introns, and 19 are located in protein-coding 2 8 0 sequences. All 19 polymorphisms in coding regions are synonymous variants. These For the GMR>p53 model, we identified 24 polymorphisms at a p-value cutoff of <1x10 -04 2 8 9 (Table S5 ). Eight of these polymorphisms lie outside of genes and were not considered 2 9 0 further. Of the remaining 16 polymorphisms, one is located in a UTR, 15 are located in unclear what the significance of this overlap might be. We conclude from our initial analysis that the top candidates for our models of 3 0 3 degeneration are highly specific to the method by which we induce that degeneration. Because there are so few significant associations for the GMR>p53 model of apoptosis, 3 0 5
and even fewer that are in close proximity to a candidate gene, we elected to focus the 3 0 6 remaining analysis on the GMR-rpr model. apoptotic functions for many of the candidate genes identified in our GWAS. The top hit 3 1 0 was the gene echinus (ec), a ubiquitin specific protease (USP) orthologous to human 3 1 1 USP53 and USP54 (Table S4 ). We identified nine intronic SNPs in ec through our 3 1 2 association analysis. Previous studies show that loss of ec in the developing eye results 3 1 3 in a mild rough eye phenotype, albeit a much less dramatic one than that seen upon Ec is one of several apoptotic genes identified in this analysis. In fact, 16/82 (~20%) of have conserved human orthologues (Table S4 ). One of these is Diap2, a Drosophila have a strong impact on rpr-associated degeneration, as Diap1 is the major functional demonstrates the efficacy of our GWAS. Two candidates, hay and Xpd (ERCC3 and ERCC2) (Table S4) , have human orthologs of p53, such as CG44153 (ADGRB3) and stac (BAIAP3) (Shiratsuchi et al. 1997 (Shiratsuchi et al. , 1998 . This suggests that feedback signaling through p53 can increase rpr-induced apoptosis 3 4 6 and degeneration. neurological disease. Twenty-three have conserved human orthologues (Table S4 ). that these modifiers could be important in a variety of apoptosis-associated diseases. found as nodes in these interaction networks, as was rpr itself ( Figure 4A ). We identified As expected, given the large number of candidates with apoptotic roles, we found an 3 6 9 apoptosis cluster of interactions between modifiers with functions associated with cell 3 7 0 cycle regulation and cell death ( Figure 4A ). A number of these genes, including Diap2 3 7 1 and cher (FLNA), have either direct or indirect interactions with rpr itself. As noted We also observed a cluster composed of regulators of developmental apoptosis in our repressive polycomb complex to chromatin. It is possible that these genetic interactions We also identified a number of predicted interactions in a cluster of modifier genes the balance of cells experiencing apoptotic stress toward or away from cell death. modifier candidates based on individual polymorphism analysis ( Figure 4B , Table S7 ).
2 7
Other genes in this category include those involved in synapse formation and 4 2 8 organization, suggesting that regulating neuronal connectivity and synapse choice could 4 2 9 play a role in the decision to apoptose or to survive. The second most significantly enriched category was Wnt signaling (GO:0016055, P = 4 3 2 6.7 x 10 -3 ), consisting of 51 enriched genes from our GMR-rpr analysis ( Figure 4B Table S7 ). One of these, arr, is also a candidate modifier gene ( Drosophila orthologue of the genes encoding the co-receptors LRP5/6 in canonical Wnt receptors) and six paralogs of the Wnt ligand (Table S7) Wnt signaling (Table S7 ). This striking association is reinforced by previous studies that GSEA also identified a number of genes and pathways involved in mitochondrial 4 5 1 homeostasis and metabolism ( Figure 4B ), including malate metabolic processes (seven 4 5 2 genes, GO:0006108, P = 0.011). These genes encode for malate dehydrogenase 4 5 3 enzymes, six of which are localized to the mitochondrion ( Figure 4B , Table S7 ). Malate TCA cycle prior to the entrance of acetyl-CoA (Minárik et al. 2002) . The presence of so 4 5 6 many paralogs of this enzyme suggests that mitochondrial metabolism, and in particular 4 5 7 the mitochondrial redox state, is a major regulator of apoptosis. Supporting this, one of 4 5 8 the top candidates, Fum4 (FH), is also an essential enzyme in the TCA cycle (Table   4 5 9 S4). The GSEA further supports this finding, as FAD binding is also enriched (48 genes, 4 6 0 2 1 GO:0050660, P = 0.020) ( Figure 4B) . A primary function for these 48 enriched genes is 4 6 1 the maintenance of redox homeostasis, 16 of which localize to the mitochondria.
6 2
Another of these genes, the apoptosis-inducing factor AIF, is activated independently 4 6 3 from caspases by mitochondrial stress and is released into the cytoplasm, travels to the 4 6 4 nucleus, and initiates the chromatin condensation and DNA fragmentation that More generally, redox homeostasis in other cellular compartments is also implicated by 4 6 8
GSEA (Table S7 , Figure 4B ). Three paralogs of aldehyde oxidase (Aox) and the The involvement of enzymes regulating redox homeostasis, and more specifically redox Other metabolic processes such as sterol transport (GO:0015918, P = 0.013), leucine (Table S7 , Figure 4B ). Disruption of metabolic 4 9 0 processes has long been known to induce oxidative and ER stress, both of which are 4 9 1 capable of activating apoptosis through JNK/grm-rpr-hid signaling cascades or directly 4 9 2 through mitochondrial stress (Kanda and Miura 2004) . It will be interesting to explore The enrichment of multiple metabolic categories suggests that the impact of cellular and 4 9 8 mitochondrial metabolism on redox homeostasis could play a major role in rpr-induced 4 9 9 degeneration. We hypothesize that these regulators of mitochondrial redox state and To confirm the roles of our candidate genes in regulating apoptosis, we elected to test 5 0 7 the impact of loss of modifier expression for nine of the most significant rank-ordered 5 0 8 candidate genes. We crossed RNAi targeting each of these modifiers into the GMR-rpr 5 0 9
or GMR>p53 line, and then measured the eye area in offspring carrying both the RNAi 5 1 0 construct and the apoptosis model ( Figure 5, Figure S2 ). Eye area was quantified and 5 1 1 compared to a genetically matched control expressing only the apoptosis model ( Figure   5 1 2 S3A). Due to a lack of highly significant candidate modifiers of p53-induced apoptosis, under non-apoptosis conditions (Figure S3B,C) . These results demonstrate that many 5 2 5 of the top GWA candidate modifiers are capable of modifying the apoptotic phenotypes 5 2 6 associated with the GMR-rpr model of degeneration. In the future we will also examine 5 2 7 the impact of overexpression of candidate genes on the GMR-rpr model of apoptosis, as some candidate genes may exert a stronger influence under conditions of gain rather 5 2 9 than loss of function. The primary goal of this study was to identify candidate genes and pathways that modify in genetic background among patients (Queitsch et al. 2012; Chow 2016) .
3 8
Understanding how genetic diversity in the population impacts apoptosis could therefore This study demonstrates the use of the DGRP to identify modifiers that are extremely 5 4 5 specific to the disease model being tested. Even though the end point of degeneration 5 4 6 is superficially the same for rpr and p53 models, candidate modifier genes are unique to 5 4 7 each model. Our methods clearly identify genetic variation associated with specific 5 4 8 disease mechanisms, and not simply genes involved in general cell health and survival. 
